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Ferrimagnetic insulators (FiMI) have been intensively used in microwave and 
magneto-optical devices as well as spin caloritronics, where their magnetization 
direction plays a fundamental role on the device performance. The 
magnetization is generally switched by applying external magnetic fields. Here 
we investigate current-induced spin-orbit torque (SOT) switching of the 
magnetization in Y3Fe5O12 (YIG)/Pt bilayers with in-plane magnetic anisotropy, 
where the switching is detected by spin Hall magnetoresistance. Reversible 
switching is found at room temperature for a threshold current density of 10
7
 A 
cm
–2
. The YIG sublattices with antiparallel and unequal magnetic moments are 
aligned parallel/antiparallel to the direction of current pulses, which is consistent 
to the Néel order switching in antiferromagnetic system. It is proposed that such 
a switching behavior may be triggered by the antidamping-torque acting on the 
two antiparallel sublattices of FiMI. Our finding not only broadens the 
magnetization switching by electrical means and promotes the understanding of 
magnetization switching, but also paves the way for all-electrically modulated 
microwave devices/spin caloritronics with low power consumption. 
I. INTRODUCTION 
Yttrium iron garnet (Y3Fe5O12, YIG), a ferrimagnetic insulator (FiMI) with 
ultralow Gilbert damping and high permeability, has long term been applied in the 
microwave and magneto-optical devices. It has drawn increasing interest in 
spintronics field, such as the investigations of the spin Seebeck effect [1,2], spin Hall 
magnetoresistance (SMR) [3–5], spin pumping [4,6], non-local magnon transport [7], 
cavity magnon polariton [8] and magnon valves [9]. In particular, YIG is an ideal 
magnetic material for pure spin current transport because charge current and 
corresponding Seebeck effect and Nernst effect can be completely eliminated [2], 
3 
 
providing a promising candidate for electronics with low energy dissipation. Note that 
the magnitude or even on/off state of signals and resultant device performance are 
strongly modulated by the magnetization direction in YIG-based applications, such as 
in spin Seebeck effect [2] and magnon valve [9]. From the application of spintronics, 
YIG is always treated as a simple “ferromagnet” with a single net moment, though it 
is a typical FiMI with two sublattices, especially a magnetic primitive cell of YIG 
contains 20 Fe moments and a complicated spin structure [10]. In such case, the 
external magnetic fields are generally used to switch the magnetization direction of 
YIG. A remarkable miniaturization trend on electronics calls for the switching of 
FiMI with a more convenient and efficient method. 
The spin-orbit torque (SOT) in ferromagnet/heavy metal bilayers, where the 
angular momentum of spin current induced by charge current with spin Hall effect [11] 
is transferred into magnetic layer in the form of magnetic torque, provides an effective 
electrical means for manipulating magnetic dynamics and switching the uniform 
magnetization [12]. Previous studies concentrated on the SOT in metallic systems, 
including out-of-plane [13–16] and in-plane [17–19] magnetization switching, 
magnetic oscillations [20,21], domain wall motion [22,23] and skyrmions [24,25]. 
These concepts are transferred to the FiMI system, and there are several recent works 
reporting on the SOT switching in FiMI/heavy metal bilayers with perpendicular 
magnetic anisotropy [26–29], because of the lower energy dissipation and easy 
readout of the switching signal, such as by anomalous Hall effect. However, almost all 
of the microwave and spintronics applications of YIG, as mentioned above, are based 
on YIG with in-plane magnetization, therefore the electrical switching of in-plane 
magnetized YIG is strongly pursued (TABLE I). The experiments described here 
investigate the SOT switching of in-plane magnetized YIG (001) in YIG/Pt bilayers, 
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where the two anti-parallel magnetic moments are set parallel/antiparallel to the 
direction of writing current. 
TABLE I. SOT switching in ferromagnet (FM), ferrimagnetic metal (FiM), 
ferrimagnetic insulator (FiMI), antiferromagnetic alloy (AFM) and 
antiferromagnetic insulator (AFMI) with out-of-plane and in-plane magnetic 
anisotropy. Out-of-plane and in-plane SOT switching was extensively studied in FM 
and FiM. Out-of-plane switching of FiMI and in-plane switching of AFMI were 
realized recently. This work reports on the in-plane SOT switching of FiMI YIG. 
Magnetic anisotropy FM FiM FiMI AFM AFMI 
Out-of-plane 
Refs. 
[13,14] 
Refs. 
[15,16] 
Refs.  
[26–29] 
– – 
In-plane  
Refs. 
[17,18] 
Ref. [19] This work 
Refs.  
[30–34] 
Refs.  
[35–37] 
II. MRTHODS 
 The YIG films with in-plane magnetic anisotropy were deposited on GGG(001) 
substrates using a sputtering system with a base vacuum of 1 × 10
–6
 Pa. After the 
deposition, high temperature annealing with oxygen atmosphere was carried out to 
further improve the crystalline quality and epitaxial relation between YIG film and 
GGG substrate [9]. The YIG thickness was determined using a pre-calibrated growth 
rate. The crystal structure was measured by x-ray diffraction (XRD). The in-plane 
magnetic anisotropy was recorded by vibrating sample magnetometer (VSM). The 
annealed YIG films were then transferred into another high-vacuum magnetron 
sputtering chamber to ex-situ deposit 5 nm Pt top layer at room temperature. 
The YIG/Pt bilayers were patterned into eight-terminal devices with channel 
width of 5 μm through standard photolithography and Ar ion etching. The current 
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induced magnetization switching measurements were carried out at room temperature 
by applying current pulses of 1.4 × 10
7
 A cm
−2
 with the width of 1 ms, then the 
transverse Hall resistance was recorded with a reading current of 1.2 × 10
6
 A cm
−2
. 
And the spin Hall magnetoresistance experiments with different current densities and 
magnetic fields were conducted with physical properties measurement system 
(PPMS). 
III. RESULTS AND DISSCUSION 
A series of YIG films (t = 15, 20, 30, 60 nm) were grown on Gd3Ga5O12 (GGG) 
(001) substrates by magnetron sputtering. In the following we focus primarily on data 
obtained from 20-nm-thick YIG films at room temperature. X-ray diffraction spectra 
in Fig. 1(a) shows that an additional peak from YIG (008) emerges in YIG/GGG 
sample, besides the diffraction peak from the GGG substrate, indicating that the YIG 
exhibit (001)-orientation, which serves as the basis of magnetization easy-plane (001). 
Figure 1(b) presents hysteresis loops of YIG with the magnetic field (H) applied along 
four in-plane directions of [100], [010], [110], and [1̅10], as well as out-of-plane 
direction of [001]. A comparison of the squared in-plane loops and slanted 
out-of-plane loop shows that [001] is a hard-axis. The saturation field is ~15 Oe when 
H is applied along [110] and [1̅10], in contrast to ~75 Oe along [100] and [010]. This 
observation reflects that the YIG films possess fourfold in-plane magnetic anisotropy 
with easy-axes along [110] and [1̅10] and hard-axes along [100] and [010], which 
results from the cubic anisotropy of bulk YIG [38]. The saturation magnetization (MS) 
is around 115 emu cm
–3
, which is lower than the bulk value (140 emu cm
–3
) [39]. 
To perform current-induced in-plane magnetization switching measurements, the 
YIG were covered by 5-nm-thick Pt and then fabricated into eight-terminal devices 
with the channel width of 5 μm, where the writing current pulse channels are along 
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easy-axes of [1̅10] and [110] [Fig. 1(c)]. The in-plane switching measurements were 
carried out in the following way: five successive pulses (current density J = 1.4 × 10
7
 
A cm
–2
, 1-ms-width) were applied along [1̅10] (write 1), and then along its orthogonal 
direction [110] (write 2) at zero external magnetic field. After each writing current 
pulse, a small reading current (J = 1.2 × 10
6
 A cm
–2
) was applied and the transverse 
Hall resistance variation (ΔRxy) was recorded. ΔRxy is intrinsically the spin Hall 
magnetoresistance of YIG/Pt system, where the spin polarization and relevant 
resistance in Pt can reflect the alignment of YIG moments [3]. Concomitant ΔRxy for 
the magnetization switching is displayed in Fig. 1(e), where the red and blue circles 
correspond to the red (write 1) and blue (write 2) arrows, respectively (consistent 
correspondence for the following results). The current pulse of 1.4 × 10
7
 A cm
–2
 and 
1-ms-width is the threshold current density for the switching [40]. The most eminent 
result is the two writing current pulses along [1̅10] and [110] lead to the variation of 
ΔRxy between low and high resistance states. Further inspection shows that ΔRxy 
shows a sudden decrease (increase) and is almost saturated when the first write 1 
(write 2) current pulse is applied, and the following four pulses cause a negligible 
variation in ΔRxy. This observation indicates step-like switching of in-plane 
magnetized YIG, which is most likely due to the small in-plane magnetic anisotropy 
of the present YIG films. Similar switching features were observed in 
antiferromagnetic α-Fe2O3 [42] and Mn2Au for the switching from hard- to easy-axis 
[34], but different from the multidomain switching in NiO/Pt [35]. The situation 
differs dramatically when the current pulses are applied along in-plane hard-axes 
([100] and [010]) [Fig. 1(d)]. The ΔRxy remains constant when the current pulses of 
1.4 × 10
7
 A cm
–2
 are alternatively applied along [100] and [010] [Fig. 1(f)], indicating 
the negligible in-plane switching between the hard-axes. A similar behavior also 
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occurs in YIG (111) films with in-plane isotropy [40]. It is then concluded that the 
magnetic anisotropy of YIG plays a fundamental role during in-plane switching 
process and the magnetic moments of in-plane biaxial YIG can be switched between 
the two easy-axes by a current pulse. 
 
FIG. 1.  Crystal structure, magnetism and current-induced magnetization switching 
of 20-nm-thick YIG. (a) X-ray diffraction spectra of GGG substrate and YIG/GGG 
sample. The peak from YIG (008) is marked. (b) Hysteresis loops at room 
temperature with magnetic field (H) applied along out-of-plane direction [001] and 
four in-plane directions, where [100] and [010] are in-plane hard-axes, while [110] 
and [1̅10] are in-plane easy-axes. The axes are marked with the same color as their 
corresponding hysteresis loops. (c),(d) Measurement configurations of 
current-induced magnetization switching with writing current applied along in-plane 
easy- (c) and hard-axes (d), respectively. (e),(f) ΔRxy as a function of the number of 
writing current pulses applied as depicted in (c) and (d), respectively. 
 
The external magnetic field would provide an additional tool to modulate the 
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current-induced switching of YIG. Figure 2(a) shows ΔRxy as a function of current 
pulses with different additional fields (H = 0, 5, 10, 50, and 75 Oe). The measurement 
configuration is identical to the one used in Fig. 1(c), except the H is applied along 
hard-axis [100]. When H is fixed at a quite low value of 5 and 10 Oe, which is just 
below and above the coercivity of YIG [Fig. 2(b)], there is no obvious difference as 
compared with the data at H = 0. The scenario turns out to be different when H 
increases to 50 Oe. The amplitude of ΔRxy variation is reduced but still evident as H is 
up to 50 Oe, which is close to the saturation field as shown in Fig. 2(b), suggesting 
that the current-induced in-plane magnetization switching is partially suppressed by H. 
Once H increases to the saturation field of 75 Oe, there is negligible change of ΔRxy 
when the current pulses alter their directions between write 1 and write 2, indicating 
that the current-induced magnetization switching is completely suppressed. This 
magnetic field modulated switching signals support that the present ΔRxy variation is 
indeed ascribed to the SOT-induced in-plane switching of YIG ferrimagnetic 
sublattice magnetization, which is similar to the true Néel order switching in α-Fe2O3 
with magnetic field [42]. It indicates that thermal artifacts [42–44], which are at least 
not sensitive to a low magnetic field, have a negligible effect in our experiments. 
Moreover, both the unambiguous current-induced switching signals and artifacts are 
found in YIG/Cu/Pt trilayer [40].  
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FIG. 2.  SOT-induced switching in YIG/Pt and Co/Pt. (a) Summary of SOT-induced 
ΔRxy as a function of writing current pulses with different additional fields H applied 
along [100] in YIG/Pt bilayers. Results under different H are separated by regions of 
different colors. (b) Hysteresis loop with H applied along [100]. The typical H 
employed in SOT switching measurements are denoted by dashed arrows. (c) ΔRxy as 
a function of the number of writing current pulses in Co/Pt bilayers with H = 0. The 
measurement configuration is identical to that of YIG/Pt sample. The polarity of ΔRxy 
variation of Co/Pt is opposite to that of YIG/Pt. (d) Schematic of current-induced 
magnetization switching in YIG/Pt, where M1 and M2 denote magnetic moments in 
two sublattices. M1 and M2 are switched toward the writing current direction.  
 
We then turn toward the current-induced switching mechanism of YIG/Pt. Note 
that only one ferrimagnetic insulator layer YIG is used, hence SOT rather than 
spin-transfer torque exists in our case. Remarkably, the switching polarity of ΔRxy in 
Fig. 1(e), negative for write 1 and positive for write 2, reveals that the sublattice 
magnetizations in YIG are aligned parallel/antiparallel to the direction of writing 
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current according to SMR theory [41]. This feature is also supported by the 
longitudinal resistance variation [40]. These experimental observations unravel that 
the current-induced in-plane sublattice magnetizations switching of bi-axial 
ferrimagnet YIG/Pt is in analogy to the Néel order switching toward the writing 
current direction in antiferromagnet/Pt systems [35,37], where the antidamping-torque 
dominates. It is also reasonable to propose that the antidamping-torque may induce 
the ferrimagnetic moments switching of bi-axial YIG, where two sublattices with 
antiparallel magnetic moments is strongly antiferromagnetic coupled, though 
uncompensated. Note that the polarity of current-induced switching in ferrimagnetic 
amorphous metal CoGd [19], which possesses negligible magnetic anisotropy, is 
opposite to our results in bi-axial YIG. This indicates that the magnetic anisotropy in 
ferrimagnet has a vital effect on current-induced in-plane switching, which is 
supported by the absence of SOT-induced switching in our YIG(111) samples [40]. 
To further study the SOT switching in biaxial ferrimagnetic YIG where the 
magnetization is aligned parallel/antiparallel to the current axis, we performed control 
experiment with ferromagnet and compared the current-induced switching polarity of 
ΔRxy using Co (2 nm)/Pt (5 nm) bilayers where the magnetization should be aligned 
perpendicular to the current axis [17,18,45]. Although Co is a conductor, which is not 
perfect as a comparison of YIG, Co/Pt bilayer possesses considerable SMR signal 
[46], from which the direction of magnetization can be readout easily. Therefore, 
Co/Pt bilayer used as a control sample is reasonable. The measurement configuration 
is identical to that of YIG/Pt [Fig. 1(c)]. The variation of ΔRxy in Fig. 2(c) is opposite 
to the YIG/Pt case. Once an external field of 10 kOe is applied on the devices, the 
switching signals vanishes [40], indicating the variation of ΔRxy is indeed due to the 
switching of Co moments. In the case of current-induced in-plane switching of 
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ferromagnet, the magnetic moment should be switched to the direction of spin 
polarization [17,18,45], which is perpendicular to the writing current direction. This 
process can be understood by the transfer of spin angular moment from the 
spin-polarized current to the magnetization, similar to the spin-transfer-torque 
scenario. This control experiment further confirms that the sublattice magnetizations 
of YIG are aligned parallel/antiparallel to the writing current direction, rather than 
being aligned along spin polarization direction. This may indicate the importance of 
antiferromagnetic coupled sublattices during current-induced in-plane switching in 
bi-axial ferrimagnet. The charge current in the Pt layer produces spin current and the 
resultant spin accumulation by spin Hall effect [11], exerting a torque on the two 
anti-parallel magnetic sublattices (M1 and M2) and then resulting in their switching 
parallel or antiparallel to the writing current direction [Fig. 2(d)]. The intriguing 
in-plane switching feature in our case discloses that as a typical FiMI, the 
anti-paralleled magnetic sublattice in YIG may play an important role, which is 
similar to the Néel order switching in antiferromagnets to some extent at least from 
the current-induced in-plane magnetization switching viewpoint. More experiments or 
simulations in different FiMI are needed for further understanding of current-induced 
in-plane switching in FiMI systems. Based on those results and analyses, the magnetic 
field manipulated true current-induced switching and co-existence of artifacts [40] 
make in-plane bi-axial ferrimagnet YIG a model for investigating the current-induced 
switching, which could promote the application of ferrimangetic spintronics. 
In addition to the SOT-induced magnetization switching, we have explored 
SOT-induced magnetic moments tilting toward the current direction by SMR 
measurements with different J and H. For these experiments, Hall resistance (Rxy) was 
recorded when the current was applied along one of the easy-axes [110] and the 
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magnetic field was in-plane rotated from the current (I) direction (angle αH = 0 for H 
// I), as depicted in Fig. 3(a). Figure 3(b) shows the angle αH dependent Rxy with 
different current densities (J = 1.2, 2, 6, 8, and 10 × 10
6
 A cm
–2
) and H = 50 Oe. 
Remarkably, as the current density increases gradually from 1.2 to 10 × 10
6
 A cm
–2
, 
within 0–90° scale the high Hall resistance state (peak) shifts to a high rotation angle. 
On the basis of the SOT-switching results described above, magnetization is tilted 
toward the current direction, therefore M1 (αM) and M2 deviate from the field direction 
and toward the current direction (αM = 0) [Fig. 3(c)]. Thus it is necessary to use a 
magnetic field with a larger rotation angle αH to compensate the tilting tendency 
induced by SOT, which results in the shift of SMR curves. Also visible is that in the 
range of 90–180° the low Hall resistance state (valley) shifts to a low rotation angle, 
because the SOT induces magnetization switching toward the current direction (αM = 
180°) and then a magnetic field with a smaller rotation angle αH is employed. The 
variation tendencies in 180–270° (peak) and 270–360° (valley) scales are similar to 
these two scenarios, respectively. In general, the SMR curve exhibits a high and low 
Hall resistance states for αH = 45º/225º and 135º/315º, respectively [41]. Note that the 
slight deviation of the observed peak and valley with low current density [Fig. 3(b)] 
from these theoretical angles is due to a low field of 50 Oe used, which is below the 
saturation field of the YIG film. Such a deviation vanishes when a high magnetic field 
is used, such as H = 5000 Oe [40]. 
The angle shift of the SMR curves as a function of J with different external fields 
(H = 50, 100, 1000, and 5000 Oe) is summarized in Fig. 3(d), where ΔαH is the angle 
difference between the valley and peak (in 0–180°) of Rxy. There are two striking 
features in the figure: (i) The angle difference ΔαH is reduced (angle shift is enhanced) 
with increasing J; (ii) The modulation of ΔαH is suppressed with increasing magnetic 
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field, which almost vanishes with a high H, e.g., 5000 Oe [40]. It is easy to understand 
that a larger current induces stronger magnetization titling toward the current direction, 
resulting in a larger “compensated angle” for the field, which reduces ΔαH. With 
increasing magnetic field, the SOT-induced magnetization tilting is negligible because 
the magnetization is always retained along the field. The magnetization switching 
phenomena deduced from these SMR results with different J and H are consistent 
with switching responses in Fig. 2. Thereby the current-dependent SMR 
measurements support SOT-induced in-plane sublattice magnetizations switching 
toward parallel/antiparallel to the writing current direction. In addition, we quantify 
the SOT-field equivalence through the summary of ΔαH resulting from SOT induced 
SMR tilting. An extra angle αSOT,J produced by SOT with current density J is 
introduced in transverse SMR equation: 
            𝑅xy = ∆𝑅 sin 2(𝛼H − 𝛼SOT,J),  0° < 𝛼 < 90°               (1) 
𝑅xy = ∆𝑅 sin 2(𝛼H + 𝛼SOT,J),  90° < 𝛼 < 180°              (2) 
where Rxy and ΔR are transverse resistance and amplitude of transverse SMR, 
respectively. When αH = 45º+αSOT,J (135º–αSOT,J), Rxy is high (low) resistance state, 
namely peak (valley) of SMR in 0–180°. Therefore, ΔαH in Fig. 3(d) equals 90º–
2αSOT,J. The variation of ΔαH with different J under H = 50 Oe are fitted by linear 
functions [dashed line in Fig. 3(d)], and the slope k is around –4.1 deg/(106 A cm–2). 
Based on the equation of slope k:        
   𝑘 =
(90°−2𝛼SOT,J1)−(90°−2𝛼SOT,J2)
𝐽1−𝐽2
=
−2𝛼SOT,J1+2𝛼SOT,J2
𝐽1−𝐽2
=
−2∆𝛼SOT,J
∆𝐽
         (3) 
where αSOT,J1(J2), ΔαSOT,J and ΔJ are angles induced by SOT with current density J1(J2), 
the variation of αSOT,J and the change of current density J, respectively, the value of 
∆𝛼SOT,J
∆𝐽
 is calculated to be around 2.1 deg/(10
6
 A cm
–2
). Based on the above analyses, 
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the sublattice magnetization is switched toward the direction of current, hence the 
SOT induced equivalent field HSOT is set along current axis here [40]. On the basis of 
magnetic field vector addition, the SOT-field equivalence in YIG is determined to be 
2.6 Oe/(10
6
 A cm
–2
) [40], which is comparable with or slightly larger than the value 
obtained in typical ferrimagnetic insulators, such as TmIG [0.6 Oe/(10
6
 A cm
–2
)] [26]. 
 
FIG. 3.  Current-induced magnetization tilting during SMR measurements. (a) 
Measurement configurations of SMR. The current I is applied along [110]. The 
magnetic field H rotates in the plane of device. (b) SMR curves with different current 
densities (marked in the inset) and H = 50 Oe. The dashed arrows are a guide to 
reflect the shift of peak/valley positions. (c) Schematic of the magnetization tilting of 
two sublattices of YIG induced by applied current. αM (αH) denotes the angle between 
I and M1 (H). The red (M1) and blue (M2) arrows denote the magnetization of two 
magnetic sublattices, and the thin purple arrow represents the tilting direction. (d) 
Summary of the angle difference ΔαH between the valley and peak (in 0–180°) of 
SMR with different J and H. The typical H used are marked. The error bars are 
estimated from standard deviation of three SMR measurements. The dashed line is 
linear fitting of ΔαH with different current densities under H = 50 Oe. 
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We then focus on the YIG-thickness (t) dependent transport measurements. Figure 
4(a) presents the SOT-induced ΔRxy variation for 15, 20, 30, and 60 nm-thick YIG. All 
of the YIG/Pt samples exhibit reversible ΔRxy variation. A comparison of the ΔRxy 
shows that the magnitude of the ΔRxy is greatly enhanced with increasing t to 30 nm, 
and then ΔRxy is saturated and keeps almost unchanged even up to 60 nm. On the 
other side, the angle αH dependent SMR curves measured with H = 5000 Oe for 
different t is shown in Fig. 4(b). Remarkably, the magnitude of SMR signals are 
enhanced with increasing t and saturated at t = 30 nm, which coincides with the 
thickness-dependence of SOT-induced ΔRxy variation. Since SOT-induced switching 
results in the present case are dependent on two factors, the current-based writing 
efficiency and the SMR-based readout capability, it is significant to exclude the 
influence of thickness-dependent SMR when exploring the switching efficiency. In 
this scenario, the ratio of ΔRxy/ΔSMR , where ΔSMR is the Rxy difference between the 
peak and valley of SMR curves in Fig. 4(b), is introduced to reflect the switching 
efficiency in our case. The ratio of ΔRxy/ΔSMR as a function of t is displayed in Fig. 
4(c), which shows a gradual enhancement with increasing t and is almost saturated at t 
= 30 nm. Meanwhile, the saturation magnetization (MS) [40] of the YIG films is also 
presented in Fig. 4(c) for a comparison. It is found that both of them show a similar 
thickness-dependence, suggesting that the switching efficiency is relevant to MS. 
Because of the enhancement of MS and corresponding interfacial exchange interaction, 
more spin current can flow into the YIG [28], which enhances switching efficiency of 
YIG and resultant ΔRxy/ΔSMR. 
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FIG. 4.  SOT-induced switching and SMR measurements in YIG/Pt with different 
YIG thicknesses (t). (a) ΔRxy as a function of pulse numbers in YIG/Pt bilayers with t 
= 15, 20, 30, and 60 nm. Results of different t are separated by regions of different 
colors. (b) SMR results with different t under H = 5000 Oe. The Rxy differences 
between peak and valley (ΔSMR) are denoted by (grey) arrows in the inset, and the 
values are 3.0, 3.2, 3.8, and 3.8 mΩ for t = 15, 20, 30, and 60 nm, respectively. (c) 
ΔRxy/ΔSMR and MS versus t. Both ΔRxy/ΔSMR and MS show a similar 
thickness-dependence and saturate at t = 30 nm. The error bars of ΔRxy/ΔSMR and MS 
are estimated from standard deviation of reversible switching and three magnetization 
measurements, respectively. 
 
IV. CONCLUSION 
In summary, we have demonstrated the reversible in-plane magnetization 
switching of YIG in YIG/Pt bilayers by SOT. The switching signal is readout by spin 
Hall magnetoresistance. The sublattice magnetizations of YIG are found to be aligned 
parallel/antiparallel to the direction of writing current, and may be ascribed to the 
antidamping-torque for the two strongly antiferromagnetic coupled sublattices, which 
is similar to the Néel order switching in antiferromagnetic system to some extent. This 
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phenomenon indicates that anti-paralleled sublattices in ferrimagnetic insulator may 
play an important role during the current-induced in-plane magnetization switching 
process, and more studies with different materials are needed to further explore 
switching in ferrimagnetic insulators in the future. Our finding not only promotes the 
understanding of current-induced switching, but also accelerates combination of 
current-induced magnetization switching and previous microwave devices/spin 
caloritronics to realize high energy efficient spintronic applications based on magnetic 
insulators modulated by all-electrical means. 
 
ACKNOWLEDGMENTS 
We thank Dr. D. Z. Hou for helpful discussions. C.S. acknowledges the support of 
the Beijing Innovation Center for Future Chips, Tsinghua University and the Young 
Chang Jiang Scholars Programme. This work was supported by the National Key 
R&D Programme of China (grant nos. 2017YFB0405704 and 2017YFA0206200) and 
the National Natural Science Foundation of China (grant nos. 51871130, 51571128, 
51671110 and 5183000528). 
 
REFERENCES 
[1] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa, 
and E. Saitoh, Observation of the spin Seebeck effect, Nature (London) 455, 778 
(2008). 
[2] K.-i. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa, and E. Saitoh, 
Observation of longitudinal spin-Seebeck effect in magnetic insulators, Appl. 
Phys. Lett. 97, 172505 (2010). 
[3] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y. Kajiwara, D. Kikuchi, T. 
18 
 
Ohtani, S. Geprägs, M. Opel, S. Takahashi, R. Gross, G. E. W. Bauer, S. T. B. 
Goennenwein, and E. Saitoh, Spin Hall magnetoresistance induced by a 
nonequilibrium proximity effec, Phys. Rev. Lett. 110, 206601 (2013). 
[4] C. Hahn, G. de Loubens, O. Klein, M. Viret, V. V. Naletov, and J. Ben Youssef, 
Comparative measurements of inverse spin Hall effects and magnetoresistance in 
YIG/Pt and YIG/Ta, Phys. Rev. B 87, 174417 (2013). 
[5] M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S. Altmannshofer, M. 
Weiler, H. Huebl, S. Geprags, M. Opel, R. Gross, D. Meier, C. Klewe, T. Kuschel, 
J.-M. Schmalhorst, G. Reiss, L. Shen, A. Gupta, Y. -T. Chen, G. E. W. Bauer, E. 
Saitoh, and S. T. B. Goennenwein, Quantitative study of the spin Hall 
magnetoresistance in ferromagnetic insulator/normal metal hybrids, Phys. Rev. B 
87, 224401 (2013). 
[6] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H. 
Umezawa, H. Kawai, K. Ando, K. Takanashi, S. Maekawa, and E. Saitoh, 
Transmission of electrical signals by spin-wave interconversion in a magnetic 
insulator, Nature (London) 464, 262 (2010). 
[7] L. J. Cornelissen, J. Liu, R. A. Duine, J. B. Youssef, and B. J. van Wees, 
Long-distance transport of magnon spin information in a magnetic insulator at 
room temperature, Nat. Phys. 11, 1022 (2015). 
[8] L. Bai, M. Harder, Y. P. Chen, X. Fan, J. Q. Xiao, and C. M. Hu, Spin pumping in 
electrodynamically coupled magnon-photon systems, Phys. Rev. Lett. 114, 
227201 (2015). 
[9] H. Wu, L. Huang, C. Fang, B. S. Yang, C. H. Wan, G. Q. Yu, J. F. Feng, H. X. 
Wei, and X. F. Han, Magnon valve effect between two magnetic insulators, Phys. 
Rev. Lett. 120, 097205 (2018). 
19 
 
[10] S.Geller and M.A.Gilleo, The crystal structure and ferrimagnetism of 
yttrium-iron garnet, Y3Fe2(FeO4)3, J. Phys. Chem. Solids 3, 30 (1957). 
[11] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, Spin 
Hall effects, Rev. Mod. Phys. 87, 1213 (2015). 
[12] A. Manchon, J. Železný, I. M. Miron, T. Jungwirth, J. Sinova, A. Thiaville, K. 
Garello, and P. Gambardella, Current-induced spin-orbit torques in ferromagnetic 
and antiferromagnetic systems, Rev. Mod. Phys. 91, 035004 (2019). 
[13] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel, 
and P. Gambardella, Current-driven spin torque induced by the Rashba effect in a 
ferromagnetic metal layer, Nat. Mater. 9, 230 (2010). 
[14] L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and R. A. Buhrman, 
Current-induced switching of perpendicularly magnetized magnetic layers using 
spin torque from the spin Hall effect, Phys. Rev. Lett. 109, 096602 (2012). 
[15] J. Finley and L. Liu, Spin-orbit-torque efficiency in compensated ferrimagnetic 
cobalt-terbium alloys, Phys. Rev. Appl. 6, 054001 (2016). 
[16] K. Ueda, M. Mann, C.-F. Pai, A.-J. Tan, and G. S. D. Beach, Spin-orbit torques in 
Ta/TbxCo100–x ferrimagnetic alloy films with bulk perpendicular magnetic 
anisotropy, Appl. Phys. Lett. 109, 232403 (2016). 
[17] L. Liu, C. -F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, 
Spin-torque switching with the giant spin Hall effect of tantalum, Science 336, 
555 (2012). 
[18] S. Fukami, T. Anekawa, C. Zhang, and H. Ohno, A spin-orbit torque switching 
scheme with collinear magnetic easy axis and current configuration, Nat. 
Nanotechnol. 11, 621 (2016). 
[19] T. Moriyama, W. Zhou, T. Seki, K. Takanashi, and T. Ono, Spin-orbit-torque 
20 
 
memory operation of synthetic antiferromagnets, Phys. Rev. Lett. 121, 167202 
(2018). 
[20] V. E. Demidov, S. Urazhdin, H. Ulrichs, V. Tiberkevich, A. Slavin, D. Baither, G. 
Schmitz, and S. O. Demokritov, Magnetic nano-oscillator driven by pure spin 
current, Nat. Mater. 11, 1028 (2012).  
[21] L. Liu, C. -F. Pai, D. C. Ralph, and R. A. Buhrman, Magnetic oscillations driven 
by the spin Hall effect in 3-terminal magnetic tunnel junction devices, Phys. Rev. 
Lett. 109, 186602 (2012). 
[22] S. Emori, U. Bauer, S. M. Ahn, E. Martinez, and G. S. Beach, Current-driven 
dynamics of chiral ferromagnetic domain walls, Nat. Mater. 12, 611 (2013). 
[23] K. S. Ryu, L. Thomas, S. H. Yang, and S. Parkin, Chiral spin torque at magnetic 
domain walls, Nat. Nanotechnol. 8, 527 (2013). 
[24] W. Jiang, P. Upadhyaya, W. Zhang, G. Yu, M. B. Jungfleisch, F. Y. Fradin, J. E. 
Pearson, Y. Tserkovnyak, K. L. Wang, O. Heinonen, S. G. E. te Velthuis, and A. 
Hoffmann, Blowing magnetic skyrmion bubbles, Science 349, 283 (2015). 
[25] G. Yu, P. Upadhyaya, X. Li, W. Li, S. K. Kim, Y. Fan, K. L. Wong, Y. 
Tserkovnyak, P. K. Amiri, K. L. Wang, Room-Temperature Creation and 
Spin−Orbit Torque Manipulation of Skyrmions in Thin Films with Engineered 
Asymmetry, Nano. Lett. 16, 1981 (2016). 
[26] C. O. Avci, A. Quindeau, C. -F. Pai, M. Mann, L. Caretta, A. S. Tang, M. C. 
Onbasli, C. A. Ross, and G. S. Beach, Current-induced switching in a magnetic 
insulator, Nat. Mater. 16, 309 (2017). 
[27] P. Li, T. Liu, H. Chang, A. Kalitsov, W. Zhang, G. Csaba, W. Li, D. Richardson, 
A. DeMann, G. Rimal, H. Dey, J.S. Jiang, W. Porod, S. B. Field, J. Tang, M. C. 
Marconi, A. Hoffmann, O. Mryasov, and M. Wu, Spin-orbit torque-assisted 
21 
 
switching in magnetic insulator thin films with perpendicular magnetic 
anisotropy, Nat. Commun. 7, 12688 (2016). 
[28] Q. Shao, C. Tang, G. Yu, A. Navabi, H. Wu, C. He, J. Li, P. Upadhyaya, P. Zhang, 
S. A. Razav, Q. L. He, Y. Liu, P. Yang, S. K. Kim, C. Zheng, Y. Liu, L. Pan, R. K. 
Lake, X. Han, Y. Tserkovnyak, J. Shi, and K. L. Wang, Role of dimensional 
crossover on spin-orbit torque efficiency in magnetic insulator thin films, Nat. 
Commun. 9, 3612 (2018). 
[29] C. Y. Guo, C. H. Wan, M. K. Zhao, H. Wu, C. Fang, Z. R. Yan, J. F. Feng, H. F. 
Liu, and X. F. Han, Spin-orbit torque switching in perpendicular Y3Fe5O12/Pt 
bilayer, Appl. Phys. Lett. 114, 192409 (2019). 
[30] P. Wadley, B. Howells, J. Železný, C. Andrews, V. Hills, R. P. Campion, V. 
Novák, K. Olejník, F. Maccherozzi, S. S. Dhesi, S. Y. Martin, T. Wagner, J. 
Wunderlich, F. Freimuth, Y. Mokrousov, J. Kuneš, J. S. Chauhan, M. J. 
Grzybowski, A. W. Rushforth, K. W. Edmonds, B. L. Gallagher, and T. 
Jungwirth, Electrical switching of an antiferromagnet, Science 351, 587 (2016). 
[31] S.Y. Bodnar, L. Šmejkal, I. Turek, T. Jungwirth, O. Gomonay, J. Sinova, A.A. 
Sapozhnik, H.-J. Elmers, M. Kläui, and M. Jourdan, Writing and reading 
antiferromagnetic Mn2Au by Néel spin-orbit torques and large anisotropic 
magnetoresistance, Nat. Commun. 9, 348 (2018). 
[32] X. F. Zhou, J. Zhang, F. Li, X. Z. Chen, G. Y. Shi, Y. Z. Tan, Y. D. Gu, M. S. 
Saleem, H. Q. Wu, F. Pan, and C. Song, Strong orientation-dependent spin-orbit 
torque in thin films of the antiferromagnet Mn2Au, Phys. Rev. Appl. 9, 054028 
(2018). 
[33] M. Meinert, D. Graulich, and T. Matalla-Wagner, Electrical switching of 
antiferromagnetic Mn2Au and the role of thermal activation, Phys. Rev. Appl. 9, 
22 
 
064040 (2018). 
[34] X. Chen, X. Zhou, R. Cheng, C. Song, J. Zhang, Y. Wu, Y. Ba, H. Li, Y. Sun, Y. 
You, Y. Zhao, and F. Pan, Electric field control of Néel spin-orbit torque in an 
antiferromagnet, Nat. Mater. 18, 931 (2019). 
[35] X. Z. Chen, R. Zarzuela, J. Zhang, C. Song, X. F. Zhou, G. Y. Shi, F. Li, H. A. 
Zhou, W. J. Jiang, F. Pan, and Y. Tserkovnyak, Antidamping-torque-induced 
switching in biaxial antiferromagnetic insulators, Phys. Rev. Lett. 120, 207204 
(2018). 
[36] T. Moriyama, K. Oda, T. Ohkochi, M. Kimata, and T. Ono, Spin torque control of 
antiferromagnetic moments in NiO, Sci. Rep. 8, 14167 (2018). 
[37] L. Baldrati, O. Gomonay, A. Ross, M. Filianina, R. Lebrun, R. Ramos, C. 
Leveille, F. Fuhrmann, T. R. Forrest, F. Maccherozzi, S. Valencia, F. Kronast, E. 
Saitoh, J. Sinova, and M. Kläui, Mechanism of Néel order switching in 
antiferromagnetic thin films revealed by magnetotransport and direct imaging, 
Phys. Rev. Lett. 123, 177201 (2019). 
[38] A. Kehlberger, K. Richter, M. C. Onbasli, G. Jakob, D. H. Kim, T. Goto, C. A. 
Ross, G. Götz, G. Reiss, T. Kuschel, and Mathias Kläui, Enhanced 
magneto-optic Kerr effect and magnetic properties of CeY2Fe5O12 epitaxial thin 
films, Phys. Rev. Appl. 4, 014008 (2015). 
[39] B. Lax and K. J. Button, Microwave ferrites and ferrimagnetics (McGraw-Hill, 
New York, 1962). 
[40] See Supplementary Materials at http://xxx for magentization switching with 
different current densities, for magnetization switching of YIG(111)/Pt, for 
magnetization switching of YIG (001)/Cu/Pt, for longitudinal resistance variation 
of YIG(001)/Pt, for magnetization switching of Co/Pt, for SMR measurements of 
23 
 
YIG(001)/Pt, for SOT-field equivalence deduced from SMR tilting and for 
hysteresis loops of YIG(001) with different thicknesses, which includes Ref. 
[41]. 
[41] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T. B. Goennenwein, E. 
Saitoh, and G. E. W. Bauer, Theory of spin Hall magnetoresistance, Phys. Rev. B 
87, 144411 (2013). 
[42] Y. Cheng, S. Yu, M. Zhu, J. Hwang, and F. Yang, Electrical Switching of Tristate 
Antiferromagnetic Néel Order in α-Fe2O3 Epitaxial Films, Phys. Rev. Lett. 124, 
027202 (2020). 
[43] C. C. Chiang, S. Y. Huang, D. Qu, P. H. Wu, and C. L. Chien, Absence of 
Evidence of Electrical Switching of the Antiferromagnetic Néel Vector, Phys. 
Rev. Lett. 123, 227203 (2019). 
[44] P. Zhang, J. Finley, T. Safi, and L. Liu, Quantitative Study on Current-Induced 
Effect in an Antiferromagnet Insulator/Pt Bilayer Film, Phys. Rev. Lett. 123, 
247206 (2019). 
[45] S. Shi, S. Liang, Z. Zhu, K. Cai, S. D. Pollard, Y. Wang, J. Wang, Q. Wang, P. He, 
J. Yu, G. Eda, G. Liang, and H. Yang, All-electric magnetization switching and 
Dzyaloshinskii-Moriya interaction in WTe2/ferromagnet heterostructures, Nat. 
Nanotechnol. 14, 945 (2019). 
[46] C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F. Alvarado and Pietro 
Gambardella, Unidirectional spin Hall magnetoresistance in ferromagnet/normal 
metal bilayers, Nat. Phys. 11, 570 (2015). 
 
